Several dynamic thermal and nonthermal scattering processes affect ultrafast heat transfer 7 in metals after short-pulsed laser heating. Even with decades of measurements of electron-8 phonon relaxation, the role of thermal vs. nonthermal electron and phonon scattering on 
I. INTRODUCTION

24
The relaxation and scattering mechanisms within and between the fundamental energy carriers 25 in solids is a critical parameter in thermal management and design of micro-and nanoscale de-26 vices. As length and time scales decrease and device power densities increase, electron scattering 27 mechanisms become the increasingly dominant resistance to thermal transport in these devices.
These scattering events can lead to hot spots and device heating, and thus must be better under-29 stood to properly design next-generation devices.
30
In this regard, pump-probe, short-plused thermoreflectance techniques have proven to be re-31 liable in measuring the temporal evolution of electronic relaxation and scattering mechanisms,
32
including Fermi relaxation of a perturbed electron gas, 2-4 the electron-phonon (e-p) coupling 33 factor, 5-7 and electron-interface scattering. 8, 9 In a typical short-pulsed-based pump-probe experi-34 ment to measure the ultrafast electron relaxation dynamics, the electrons are perturbed to a non-
35
Fermi distribution by a pump pulse that is focused on to the sample surface. A time delayed
36
probe pulse monitors the subsequent relaxation of the electron gas into a near-Fermi distribution 37 followed by the relatively longer e-p thermalization process. The change in the reflectivity of 38 the probe pulse (the thermoreflectane response) is related to the electron relaxation and scattering 39 mechanisms.
10,11
40
The difficulty in pump-probe thermoreflectance experiments, however, is in the interpretation by fitting the TTM to the experimentally measured temporal decay in reflectivity to determine e-p 44 coupling factor, G. It should be noted that the experimental results could also be compared to 45 more rigorous models that are based on the density functional theory [13] [14] [15] and molecular dynamics 46 in conjunction with the TTM 16, 17 to predict the electron dynamics. However, these aforementioned equilibration?
66
We seek to answer these questions in this work.
67
Chen et al. 24 predicted a linear trend in G with electron and phonon temperatures during e-p 
where m is the free electron mass, v s is the sound velocity, n e is the free electron number density,
70
T p is the phonon temperature, and A ee and B ep are the e-e and e-p scattering coefficients, respec-
71
tively. This expression for G was derived from Kaganov et al. ' s 25 expression for the e-p coupling 
II. NONTHERMAL ELECTRON DYNAMICS
125
Consider an electron system that is perturbed from its equilibrium distribution. The electronic 126 distribution is divided into thermal and nonthermal parts, 
where ω p is the plasma frequency. Equation (4) suggests that higher the energy of the particle, 
) . 
III. PUMP-PROBE THERMOREFLECTANCE MEASUREMENTS
178
We use a standard sub-picosecond pump-probe time domain thermoreflectance experiment to 
182
The pump and probe pulses are focused on the surface of the sample, and the thermoreflectance 183 signal from the reflected probe pulse is monitored with a photodiode that is locked into the modu- 
197
As the experimentally measured e-p coupling factor takes into account the contributions from sample. The form of the TTM used is given by the following two coupled differential equations,
capacity is calculated using the ab initio DOS based on the procedure described by Lin et al. 26 The
where R is the reflectivity of the Au film, F is the incident fluence, d is the film thickness, t p is the 213 pump pulse width, and τ F is the Fermi relaxation time of the excited electron system. of electron relaxation at these timescales after laser pulse absorption.
254
To reproduce the thermoreflectance signal at high laser fluences (and high T e ), we replace G eff 255 in the TTM with Eq. (1) that accounts for the thermalized e-e scattering mechanisms along with 256 e-p scattering in the e-p coupling factor. As shown in Fig. 3b , the best fit to the thermoreflectance 257 signal with the TTM based on Eq. (1) correctly predicts the experimental data at these high electron 258 temperatures (T e,max ∼2800 K). This agreement demonstrates that along with strictly e-p scatter-
259
ing, e-e scattering in a thermalized electron system must be considered to correctly account for the 260 high energy relaxation with the lattice during relatively high intensity laser excitation of metals.
261
The importance of accounting for e-e scattering to correctly reproduce this transient nature of en-262 ergy exchange rate is further exemplified in the inset of Fig. 3b, the maximum is observed at ∼2 ps after laser pulse absorption as shown in the inset of Fig. 3b ).
273
To further verify the claim that e-e scattering plays a major role at high T e , we modify Eq. (1) 
where f is the nonequilibrium electron distribution function, v z is the electron velocity in the z- 
where t is the time and U ϵ (t) is the volumetric electron energy density per unit energy defined as
where the factor of (1 − f ) is included due to the fact that the energy transfer can only occur when 
where
, T e ) with µ(T e ) being the chemical potential which depends on the 301 electron temperature, T e .
302
To evaluate the internal energy of the electron system, the density of states must be determined.
303
Due to the fact that we are interested in electron temperature excursions on the order of 10,000 
Equation (11) is solved by recognizing that U (t = 0) = U 0 (T e ), such that the rate of change of the 323 total electron energy density is given by
It should be noted that this derivation does not incorporate the e-p coupling factor, just a relaxation 325 time is included, which represents how long the electrons at some elevated energy take to reach 326 thermal equilibrium with the phonons.
327
B. General model for electron-phonon coupling
328
In the previous Subsection, we derived a simple energy relaxation relationship for the transient 329 decay of internal energy of an excited electron system. The utility in that derivation is the ability 330 to relate the relaxation of the electrons to an intrinsic thermodynamic property of the system, -i.e.,
331
U ϵ . In this Subsection, we review the quantum mechanical derivation of the e-p coupling factor of 332 a metal, G, and relate this to the EEET discussion in the previous Subsection.
333
Allen's model for the e-p coupling factor is derived from the standard Bloch-Boltzman-Peierls 334 formulas 49 for the rates of change of electron and phonon distributions:
where M is the e-p scattering matrix element, N is the phonon distribution, and ω is the phonon 336 angular frequency. 
where S is the thermal factor that expresses the phonon absorption and emission processes during 339 e-p scattering in terms of the electron and phonon occupation numbers. This thermal factor is 340
given by
Given the Elaishberg spectral function for e-p coupling as a function of energy, which Wang et.
342
al. defines as
where α 2 F (ω q ) is related to the e-p material properties through λ⟨ω 2 ⟩ = 2
Eq. (15) can be rewritten as
For this derivation, we consider the electron and phonon systems to be completely thermalized at 
where the e-p coupling factor is given by Eq. (2). We note that in the derivation of Eq. (2), fully 353 thermalized electron and phonon systems are assumed, and electron relaxation with the lattice is 354 assumed to be facilitated via only e-p scattering. These assumptions limit the application of this 355 quantum mechanical approach, as we have described in detail in the previous section.
356
It is convenient to use EEET described in the previous Subsection since we can relate the rate 357 of change in the internal energy of the electrons system to the e-p coupling factor by
To calculate G, we must determine the internal energy relaxation rate at a given temperature, 
∂T e (t) ∂t
Equation (22) we modify Eq. (1) to account for changes in e-e and e-p scattering due to d-band excitations at 386 high temperatures.
387
We start with the expression derived by Kaganov for the rate of energy transfer between elec-388 trons and the lattice, which considers all one-phonon emission and absorption processes,
where ρ is the mass density. In the limiting case of high temperatures
can be expressed as,
where τ e (T e ) and τ e (T p ) are the time of free flight of electrons at the electronic and lattice tem- et. al. considered both e-e and e-p scatterings events to calculate the electron collision frequency, 394 τ e−e = (ν e−e + ν e−p ) −1 , where ν e−e and ν e−e represent the e-e and e-p collision rates. 24 For 395 high temperatures (T p > T D ) but in the limit of electron energy that is less than the Fermi en-396 ergy, ν e−e = ν e0 (T F /T e ) 2 and ν e−p = ν p0 (T F /T p ), where ν e0 and ν p0 are material constants. Replacing τ e (T e , T p ) in Eq. (24), we get the general expression for the rate of energy exchange 400 between electrons and the lattice that is applicable at high temperatures,
Thus, the temperature dependent e-p coupling factor described in Eq. (1) 
The electron temperature dependence of the scattering coefficients is estimated with an approach 409 similar to that discussed by Chan et al. 51 The temperature dependency of B ep is assumed to take
where B ep,0 (∼ 1. 
where A ee,0 (∼ 1.3 × 10 7 s −1 K −2 ) is the low temperature value that we determined from the ther- temperatures > 3000 K, we derive a procedure that accounts for electron-electron and electron-481 phonon scattering during electron-phonon thermalization using an ab initio electronic density of 
